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(57) ABSTRACT

Production and the distribution of pico and nano-drops,
which are extracted by the effect of a strong electric field
generated by pyroelectric effect, in particular, but not exclu-
sively, from a sessile drop (a drop placed on a surface assumes
aform termed “sessile”) or by aliquid film, and distributed on
a dielectric substrate. The electric field is advantageously
generated applying a heat source on the dielectric substrate or
utilizing a laser source emitting in the infrared region. In this
new approach, it is not necessary to use fixed electrodes,
circuits, high tension generators or to design intentionally,
and therefore to realize, pico- and nano-nozzles.
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1
DEVICE FOR CONTROLLED DISTRIBUTION
OF MICRO- OR NANO-VOLUMES OF A
LIQUID BASED ON THE PIEZOELECTRIC
EFFECT IN FUNCTIONALIZED MATERIALS,
WITHOUT USING EXTERNAL ELECTRIC
SOURCES

This application is a 35 U.S.C. §371 national phase appli-
cation of PCT/IT2010/000172, which was filed Apr. 21,2010
and is incorporated herein by reference as if fully set forth.

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to Italian patent
application RM2009A000187 filed on 22 Apr. 2009, which is
incorporated herein by reference in its entirety.

FIELD OF INVENTION

The present invention concerns an electro-dynamical dis-
penser of liquids in micro-/nano volumes based on the pyro-
electric effect in functionalized materials without using an
external electrical field.

More in details, the present invention concerns the produc-
tion and the distribution of pico and nano-drops which are
extracted, by the effect of a strong electric field generated by
pyroelectric effect, in particular, but not exclusively, by a
sessile drop (a drop placed on a surface assumes a form
named “sessile”) or by a liquid film, and distributed on a
dielectric substrate. The electric field is advantageously gen-
erated by applying a heat source on the substrate of interest or
utilizing a laser source emitting at infrared region. In this new
approach, then, it is not necessary the use of fixed electrodes,
circuits, high tension generators or to design intentionally,
and therefore to realize, pico- and nano-nozzles.

BACKGROUND

A variety of functions, useful in micro-fluid and opto-fluid
systems, such as the adaptation of the liquid meniscus form,
the spatial geometric modulation or “patterning”, the shifting
and drop formation [1-5-19], may be performed by different
approaches, for example the “electro-wetting” (EW) or the
thermo-capillary [2-20-21].

The traditional microfluidic systems are essentially based
on hydrodynamic forces whereas the approaches assisted by
electric field became more and more popular only recently,
due to their advanced flexibility and their additional function-
ality [22-23]. The formation of micro- or nano-liter drops
caused by electric field is useful in electro-spray mass spec-
troscopy, injkjet printing, biomolecular manipulation [16]
that furnishes a so-called “on demand” distribution of mate-
rial [7-15].

The solutions obtained with the standard electro-dynamic
approach (EHD) are orders of magnitude better than those
obtained with the thermal inkjet or piezo-electric [24] print-
ers, and thus meet the growing request in the field of nano-
technology of more sophisticated lithographic methods that
are able to realize more fine and complex patternings. These
EHD printing methods may also furnish the desired flexibility
in the direct patterning of fragile biologic organic materials
that are incompatible with the method of conventional pat-
terning, such as the photo-lithography.

Nevertheless, in all of the mentioned methods, special
nano-nozzles, electrodes, and circuits have to be designed and
realized for each application. In addition, the EHD method
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requires the application of high voltages (e.g. in the “e-jet
printing”), usually between the nozzle and the distribution
plate, so as to allow the flow of fluid and its distribution on the
substrate under examination.

Therefore, photo-lithographic methods are not easily used
for such materials and, in the current situation, methods are
not available that are characterized by high flexibility, sim-
plicity and low cost, so as to permit easy change in the type of
structure to be realized.

Recently, a new concept known as electrowetting has been
developed, in which the manipulation of the liquid is achieved
by a configuration in polar dielectric crystals, without elec-
trodes. The functionalisation (i.e., in general, the adaptation
of'the crystal to activate a property) of a lithium niobate (LN)
crystal is obtained by the micro-engineering of the ferroelec-
tric domains [25] and the exploitation of the piro-electric
effect. The modelling of the wettability, the formation of the
liquid adaptable micro-lens matrix, and the auto-assembly of
lithography have been demonstrated by this approach [26-27-
28].

The first of the three previous mentioned works demon-
strates the creation ofa group of little drops spatially arranged
on a surface starting from a liquid film. These drops function
as a lens.

The second work demonstrates the use of such drops for
non-optical purposes, for example for chemical and biologi-
cal experimentation at nano-metric levels.

The third work demonstrates the mentioned creation of
drops starting, this time, from a liquid polymer by means of a
thermal stimulus. This thermal stimulus simultaneously pro-
vides for the “linking” of the same polymer, impressing a
regular geometric configuration (“pattern™) to the polymer,
and thus a lithographic method is obtained, in such a way.

It is the object of the present invention is to provide a
method for the distribution of pico- or nanodrops of'a material
on a dielectric substrate, that solves the problems and over-
comes the drawbacks of the prior art.

An additional specific object of the present invention is an
apparatus that uses the method object of the invention.

An additional specific object of the present invention is the
use of the apparatus, object of the invention, for printing.

SUMMARY

The subject-matter of the present invention is a method for
the controlled distribution of pico- or nano-volumes of a
liquid, comprising the step of:

A. Deposing the liquid as a film or separated sessile drops

on a surface of a starting substrate;
the liquid being extracted and distributed on the surface
of a substrate called “destination substrate”, the
method being characterized in that:
at least one between said starting substrate and desti-
nation substrate is a pyroelectric substrate;

The method comprising the following further step:

B. Varying the temperature of said pyroelectric substrate to
induce a surface charge density o such that the liquid,
undergoing the electro-dynamic force, creates dispens-
ing cones wherefrom droplets detach, which are
deposed on the surface of the destination substrate,

The surface of the destination substrate being set at a dis-
tance D, from the surface of the starting substrate facing
it, larger than the critical distance given by the follow-
ing:

Dc=(1+6/4)P'"3
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wherein 0 is the contact angle of the dispensing cone and V
the volume of the liquid of the same dispensing cone.

Preferably according to the invention, the superficial
charge density (o) is given by:

O0=PcAT

neglecting the losses, wherein Pc is the pyroelectric coeffi-
cient specific to the material and AT is the temperature varia-
tion of said pyroelectric substrate.

Preferably according to the invention, the pyroelectric sur-
face has been obtained modifying its wettability.

Preferably according to the invention, the mentioned pyro-
electric substrate is Lithium Niobate z-cut or Lithium Tanta-
late.

Preferably according to the invention, the heating is per-
formed selectively on the surface of the pyroelectric sub-
strate.

Preferably according to the invention, the heating is
effected by infrared Laser or any source of electromagnetic
radiation.

Preferably according to the invention, the heating is
effected by means of a movable heated tip.

Preferably according to the invention, the pyroelectric sub-
strate has been functionalized by creating periodic polarized
structures, in correspondence of which one has deposed
sessile drops, to obtain a surface charge distribution with
charge having alternated sign and pre-defined geometry.

Preferably according to the invention, the movable heat
source is moved in such a way that, when the off-the-axis
distribution angles of the liquid are larger than a threshold
value a that is function of the liquid type, of the material on
which the sessile drop is put down and of the type of electric
charge distribution on the pyroelectric substrate, the sessile
drop moves, whilst when the off-the-axis distribution angle is
smaller than said threshold value, the sessile drop keep fixed
and the liquid can be distributed within this cone having apex
angle c.

Preferably according to the invention, the laser beam is
separated in such a way that a plurality of spatially separated
beams incise simultaneously on the pyroelectric substrate,
thus creating a simultaneous emission of liquid from multiple
sessile drops or different points of the liquid film.

Preferably according to the invention, the wettability is
with poling processes and thermal stimuli.

Preferably according to the invention, the pyroelectric sub-
strate is the destination substrate.

Preferably according to the invention, the liquid to be dis-
tributed is any liquid which reacts to an applied electrical
field, in particular chosen in the group consisting of: almond
oil, poly-dimethyl-siloxane (PDMS).

Preferably according to the invention, a PDMS liquid layer
is put down on the starting substrate, creating, on the desti-
nation substrate, through its selective heating hanging drops
in correspondence of the surface hexagons of the same pyro-
electric substrate.

Preferably according to the invention, the starting substrate
is glass.

Preferably according to the invention, the starting substrate
is the pyroelectric substrate.

Preferably according to the invention, the starting and des-
tination substrates are pyroelectric, being both heated, there-
fore, they receive the liquid from the surface of the opposite
substrate.

Further specific subject-matter of the present invention is a
method for the controlled distribution of pico- or nano-vol-
umes of a liquid, comprising the step of:
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C. Deposing the liquid as a film or separated sessile drops

on a surface of a starting substrate;
the liquid being extracted and distributed on the surface of a
substrate called “destination substrate”, the method being
characterized in that:

at least one between said starting substrate and destination
substrate is a piezoelectric substrate;

The method comprising the following further step:

D. Inducing a mechanical stress in said piezoelectric sub-
strate to induce a surface charge density o such as the
liquid, undergoing the electro-dynamic force, creates
dispensing cones wherefrom droplets detach, which are
deposed on the surface of the destination substrate,

The surface of the destination substrate being set at a distance
D, from the surface of the starting substrate facing it, larger
than the critical distance given by the following:

Dc=(1+6/4)P'"3

wherein 0 is the contact angle of the dispensing cone and V
the volume of the liquid of the same dispensing cone.

It further is specific subject-matter of the present invention
is a device controlled distribution of pico- or nano-volumes of
a liquid, comprising:

a first substrate called “starting substrate” whereon the

liquid to be distributed is deposed;

a second substrate called “destination substrate” whereon

the liquid is to be distributed;
the device being characterized in that:

at least one between said starting substrate and destination

substrate is a pyroelectric substrate;
at least a heat source is comprised for heating said at least
a pyroelectric surface;

means are comprised suitable for setting the surface of
destination substrate at a distance D, from the surface of
the starting substrate facing it, larger than the critical
distance given by the following:

Dc=(1+0/4)13

wherein 0 is the contact angle of the dispensing cone and V
the volume of the liquid of the same dispensing cone.

Additional specific object of the present invention is a

device for the controlled distribution of pico- or nano-vol-
umes of a liquid, comprising:

a first substrate called “starting substrate” whereon the
liquid to be distributed is deposed as a film or sessile
drops;

a second substrate called “destination substrate” whereon
the liquid is to be distributed;

the device being characterized in that:

at least one between mentioned starting substrate and des-
tination substrate is a piezoelectric substrate;

at least a source of mechanical stress is comprised for
inducing a mechanical stress in said at least a piezoelec-
tric substrate;

means are comprised suitable for setting the surface of
destination substrate at a distance D, from the surface of
the starting substrate facing it, larger than the critical
distance given by the following:

Dc=(1+0/4)13

wherein 0 is the contact angle of the dispensing cone and V
the volume of the liquid of the same dispensing cone.

Preferably according to the invention, the device comprises

a third substrate, that is dielectric, the second substrate being

interposed in a movable way parallel to said third substrate, so

as to intercept the liquid being distributed, in such a case the

surface of the destination substrate is set at a distance D
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calculated between the surface of the starting substrate and
the surface of the interposed substrate.

Preferably according to the invention, the starting substrate
includes through micro-holes and micro-tubes for dosing the
distribution liquid in the sessile drops.

Preferably according to the invention, the liquid is sucked
by suction channels if an immediate interruption of the dis-
tribution is wished.

Preferably according to the invention, the destination sub-
strate surface is set at a distance D from the starting substrate
surface by means of electrically insulating spacers.

It is further specific subject-matter of the present invention
the use of the device subject-matter of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in the following by way of
illustration but not by way of limitation, with particular ref-
erence to the drawings of the attached figures, wherein:

FIG. 1 shows in (a) and (b) a diagram of the apparatus
according to the invention, in two different embodiments of
invention; in (c¢) a bi-dimensional plot of the electric field
lines (left) and of electric potential (right) obtained with by a
finite-elements simulation method of finished elements; in (d)
a typical liquid bridge and in (e)-(f) typical discharges of the
liquid, respectively, with almond oil and PDMS;

FIG. 2 shows: in (a) a sequence of different discharges of
distribution in case of liquid film and thermal stimulus
inducted through by the heated tip; in (b) a sequence of
different discharges of distribution in case of sessile drops
and thermal stimulus inducted through by infrared laser; in
(c) a plot of the volume transfer percentage concerning the
FIG. 2(a) (square box) and a plot of the height variation
during the time (principal plot); in (d) a plot of the volume
transfer percentage concerning the FIG. 2(b) (square) and a
plot of the height variation during the time (principal plot);

FIG. 3 shows the functionality of the “dispenser gun”:
discharge at angled direction, distribution of liquid and lateral
simultaneous shifting, liquid linear patterning in different
positions, and specifically in:

(a) microliter liquid drops distribution along angled direc-
tions (about) 20° from a reservoir constituted by a sessile
drop;

(b) set of sessile drops, each one constituted by a reservoir,
on PDMS covered glass: by activating and laterally shifting
the dispenser gun, it is possible to deposit the liquid in differ-
ent points, thus tracing continuous or discontinue lines with
arbitrary overall geometries; the traced lines on the left, in the
middle and on the right are showed in the corresponding
frames;

(c) in case of liquid film, dispenser gun movement in the x
and y directions;

FIG. 4 shows more implemented functionalities: multiple
distribution and transport and “dispenser gun” activation for
the distribution of high capacity by means of laser scanning
on the LN surface, in particular:

(a) picture sequence concerning an harmonic process of
nano-liter drops distribution and consequent subsequent
transportation;

(b) liquid distribution by stimulating with the infrared laser
the substrate in three different positions in which a sessile
drop is placed on the glass substrate;

(c) disposition of five reservoir sessile drops of almond oil
on glass covered with PDMS; the circle indicates sessile
drops activated in FIG. 4(5);
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FIG. 5 shows the pico-liter distribution on micro-engi-
neered LN substrate, and in particular:

(a) LN sample is micro-engineered with periodically
polarised and hexagonal dominia; the PDMS liquid has been
spread out on glass;

(b) disposition for the integrated distribution, exploitable
for the patterning on a dielectric substrate inserted between
the superior LN substrate and the glass instead of dispensing
directly on the LN substrate.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The apparatus according to the invention is shown in FIGS.
1(a) and 1(b). In both the shown embodiments 100,100, a
liquid drop 150 or a liquid film is deposed on a slide 110,
while an upper plate 120 is at a distance D from the slide by
electrically isolated spacers 140. The upper plate 120 is a
z-cut LN wafer (Lithium Niobate) (see section of methods for
details concerning the preparation), for example of 500 pm of
thickness.

The spacers can be more or less thermally conductors,
allowing a greater or lesser activation of the drops (see later
on).

In a first preferred embodiment (FIG. 1(a)), some thermal
stimuli are applied in a contactless modus by an infrared
source (laser CO2) 130 that emits at a wavelength of A=10.6
pm.

In a second form of favourite realization, the heated tip
source 130' is in contact with a LN crystal 120 (FIG. 1(6)).
The laser and the tip can be moved so as to induce local
punctiform point-like thermal stimuli. The distance between
the slide 110 and the plate 120 is, for example, of 1 mm.

In both the illustrative cases, the z-cut LN crystal reacts to
the thermal stimuli by forming an electric potential through
its two surfaces (z+, z—) due to the piezoelectric effect.

The pyroelectric effect consists in the change of spontane-
ous polarisation APs consequent to a temperature variation
AT [29]. At the equilibrium, the crystal Ps is completely
screened by the charge of external shield and no electric field
exists. When the point-like source or the laser beam heats
locally the crystal, suddenly a superficial charge density o
appears given by:

O=PcAT

neglecting the losses, where Pc is the specific pyroelectric
coefficient of the material (Pc=-8.3x107> C/° C./m*per LN a
25°C)).

The electric field has an attractive force on a liquid as
shown in FIG. 1(¢). The electric potential is due to the electric
effect induced on the streamlined substrate by the thermal
stimuli operated by the heated tip. In the case of a sufficiently
strong electric field, thin jets of liquid can be released by a
conical tip structure (similar to the Taylor cone usually uti-
lized in the electro-spray; nevertheless, in the present case,
the liquid is not conductive, consequently there is not exactly
the Taylor cone regime) [15-16-17].

When the liquid (either sessile drops or a film) starts to get
deformed under the action of the electric field, two evolutions
are possible.

In the first case (I): if the liquid volume and the separation
distance D between the two plates are appropriate, then a
stable liquid bridge can be formed (see FIG. 1(c)). For a
specific volume, the critical distance under which a liquid
bridge can be formed is expressed by [30]:

Dc=(1+6/4)P'"3

wherein 0 is the contact angle and V the volume of the liquid
bridge. For contact angle, here, the starting angle of the cone
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formed by the liquid is intended, angle that may be different
atthe ends of the bridge, as shown in the following. This angle
is univocally defined both by the liquid cone generated by a
drop and by the liquid cone generated by a liquid film, the
starting angle being always measured with respect to the
substrate or the surface of the remaining liquid parallel to the
substrate (see i.e. FIGS. 1 (e) and 2 (5)).

A typical liquid bridge is shown in FIG. 1(d). The different
contact angles at the upper and lower solid-liquid interfaces
are to be noted, what is indicative that the liquid bridge is
formed between the two materials with different wettability
properties.

Nevertheless, for the present invention the second case (II)
is more important: if the separation D is over the critical value,
a stable liquid bridge cannot be stabilised between the plates.
The present invention has been reached by searching a way
for using this instability with the aim of dosing and distribut-
ing the liquid drops. In FIGS. 1(e) and 1(f) the typical situa-
tions of liquid discharge for two different liquids are shown,
almond oil and PDMS (poly-dimethyl-siloxane) respectively.
Due to the high viscosity, the emission liquid cone is continu-
ous.

The results shown in FIGS. 2(a) and 2(b) demonstrate the
distribution of almond oil nano-liter drops from a liquid film
and from a sessile drops reservoir, respectively (see methods
section). In the performed experimentation with the liquid
film (see FIG. 2(a)), a heated tip has been utilized, whereas,
for the sessile drop, the heating has been stimulated by the
laser in the infrared zone. The dynamic evolution shows the
liquid deformation in both the situations and it is possible to
observe from the sequences (not shown) how the film and the
drop heights grow under the EHD force action. These phe-
nomena have been shot with a CMOS camera with a rate of
recording photogram of 125 photogram/s.

InFIGS. 2(c¢) and 2(d), traces of liquid volumes transferred
from the substrate as a function of time (square) and the
height change (principal plot) during the discharge are
shown. In the case of FIG. 2(a), the rate is approximately
equal to 30 nl./ms. After five discharges, the total volume
transferred to the pending drop (the one formed by the desti-
nation substrate) is 160 nL.. The drop acts as a dispenser gun
with a rate of repetition that depends on the liquid response to
the EHD force. It can be observed that, after the formation of
the Taylor cone, in order to permit the first discharge, the
dispenser gun shoots periodically liquid drops if the electric
field is still active. The period of discharge has been of 50 ms.
The cycle is repeated few times during the cooling.

As shown in FI1G. 2(b), which has been obtained utilising a
CO, laser (but a similar result can be obtained other laser or
other electromagnetic radiation sources) it is possible to pro-
ceed to the complete extraction of the liquid from the drop
reservoir. This fact could be due to the improved mechanism
of heating efficiency. After the irradiation of five impulses of
10 W, each one of 100 ms duration, it has been observed that
the drops reservoir dispense until 55 discharges. The initial
volume was of 180 nlL while the total final volume transferred
to the photogram in FIG. 2(b) was 164 nL and the remaining
drop was 16 nL.. The discharge period has been of 200 ms
while the volume transferred in each discharge has been esti-
mated to be 3 nL.

A physical global image of the mechanism of cone forma-
tion, jet emission and interruption, that happen during the
continuous emission from the EHD tip from a liquid film of
finite conductivity, has been provided only recently by the
Basaran group [17] (obtained through the use of high elec-
trodes and tensions as previously described), even if the pro-
cess is well known and utilized since decennia. The simula-
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tions and the experiments there described are referring to an
axial symmetric case. Obviously, in the case of the present
invention, the situation is more complicated since experimen-
tations with more complicated configurations are described.
Nevertheless, from the conducted trials, the Inventors have
understood that by modifying some parameters such as the
distance, the fluid, the volume and the heating, it will be
possible to regulate the system performances.

The flexibility of the approach according to the invention is
demonstrated by the following experiments in which difter-
ent functionalities have been tested.

The movement of the heated tip or of the laser permits, for
example, to change the emission direction of a drop in a large
solid angle as shown in FIG. 3(a). In fact, by changing the
heated tip position, it is possible to rapidly change (about 2 5)
the electric field distribution. The region with the highest
electric field follows the tip movement. Angles of discharge
out of axis reach in this case values until about 20°. This may
give the possibility to dispense liquids in an area of 23 mm?>
even if the reservoir drop maintains a fixed position. More
large angles imply movement of the reservoir drop, as
described in the following.

In an additional different embodiment, the “dispenser gun”
is moved at the same time as it is discharged in a continuous
manner allowing the liquid patterning. In this case it is impor-
tant to select conditions in which dragging the drop in differ-
ent positions is possible, as described in the following.

In both cases the “dispenser gun” can be easily moved, by
simply moving the heated tip. Nevertheless, in the first case
the sessile drop starts to move only at a critical angle. Indeed,
the asymmetric deformation experimented by the drop, under
the non-axial electric force, generates an unbalance of the
solid-liquid interfaces tensions with a net resulting force (see
FIG. 3(b)) that pushes forward the drop. This unbalance
causes the drop displacement similarly to the thermocapillar-
ity where the thermal gradient causes the loss of balance of
the solid-liquid tensions. In FIG. 3(5), how the drop move-
ment permits the pattering is shown, by the drops distribution
from the reservoir drop in three different position along a
single scanning line.

In case of liquid film, the “dispenser gun” can be simply
removed since no solid-liquid interfaces tension is in oppo-
sition with the emission cone movement. A sequence of
images (FIG. 3(c)) shows the lateral movements (x-axis) until
1.6 mm without distribution axis interruption, and 1 mm
along the y axis (the shifting along the y axis is observable
since the liquid cone is better brought in focus in the final
frame (base) with respect to the out-of-focus third position
that is observed in the first (upper) frame).

A more enchanting function of the present invention is the
harmonic combination of the distribution function synchro-
nised with the drops transport, at the same time as they are
continuously formed, function that is shown in the sequence
of FIG. 4(a). The sequence of images in FIG. 4(a) clearly
shows the formation and the synchronised transport, on the
destination substrate, of three different drops in straight line
on the right side. These drops can be easily collected and
managed in a microfluidic system. This function may be
successfully improved by selecting in an appropriate manner
the position of the thermal stimuli (heated tip, in this case).
The beauty of the physical phenomenon is that the process
seems to be auto-organised as a function of two different
physical effects: EHD and thermocapillarity, but activated by
an only single external stimulus. The lateral shift is activated
by thermocapillarity, that pushes the drops towards colder
regions (in our case left and right sides) (see FIG. 4(a)).
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The reason why in the shown experiment the x direction is
preferred depends on the geometric design of the cell. The
upper substrate LN is in contact with the glass at the +x and —x
ends (therefore the heating exchange with the glass is larger
than in air). The contact with the glass permits a heat
exchange that is higher along this direction than in the y
direction. Nevertheless, in principle +x and —x sides are
equivalent but if the heated tip source is not symmetrically
positioned, in axis, with respect to the bottom ofthe reservoir
drop, the liquid discharges have a moment with horizontal
components that dynamically pushes the liquid preferably
along the axis of the device (right side). The angle, in this
case, is clearly visible from the image and it is of about 11°
with respect to the normal at the substrate.

Itis important to note that by using a laser it is easy to direct
the thermal stimulus in different points, in other words in
correspondence of different sessile reservoir drops. In addi-
tion, with the laser it is possible to better proportion the
heating energy by modulating the beam power. Besides,
through a simply lenticular focalisation, it is possible to nar-
row better the area on which the thermal stimulus is applied.
As shown in FIG. 4(b), the laser beam has been directed at
three different reservoir drops (see FIG. 4(c)) stored on a
glassy substrate. The drops have been sequentially activated.
An elevated distribution of volume is possible by separating
the laser beam so as to obtain a parallel emission from many
“dispenser guns” (thus accelerating the distribution process).

Finally, in order to demonstrate the picoliter drops distri-
bution in specific points, an additional experiment has been
carried out wherein a sample of functionalized LN has been
utilized in which periodically polarised structures have been
micro-engineered. The structure has got hexagons displaced
in a square matrix (see method section).

This regular structure permits to form some cones starting
from the liquid that will spread itself exactly over and in
correspondence of the hexagons.

A liquid PDMS layer has been spread over the glassy
substrate. By using thermal stimuli (in a flexible manner
through the use of a laser or large heating) the formation of
three tank drops has been demonstrated in correspondence of
the hexagons having a lateral separation of 200 micrometers.
Since PDMS is more viscous, liquid filament and unstable
liquid bridges have been formed [30], as clearly visible in
FIG. 5(a). In fact, the separation distance D=I50 micrometer
was again over the critical distance given by equation I. After
the bridges collapsed, 400 pL of pending drops have been
clearly distributed in the exact position corresponding to the
geometry of the PPLN sample (see FIG. 5(a)).

The system according to the invention can be utilized in
different configuration so as to permit the drops distribution
and their patterning. In the basic configurations a single or
multiple “dispenser gun” can be obtained from one or more
thank drops, preliminary obtained by processes of wettability
modelling (spatial modulation of poling or thermal stimulus)
on the lower substrate.

Nevertheless, additional configurations can be provided, in
which the substrate to be modelled is not the same dielectric
polar functionalized crystal. In fact, the substrate on which
the liquid is laid down could be a dielectric plate (so as to
avoid field perturbations) or film 160 inserted between the
glass 110 and LN 120, in order to intercept the liquid drops as
shown in FIG. 5(5). In this case, a geometric design may be
obtained as formed by the separated drops even with the
substrate shift, as shown in figure. In principle, every geo-
metrical figure can be realized.

Besides, a system limit is the immediate interruption of the
liquid emission is not possible, since the electric field slowly
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extinguishes with the sample cooling. An additional configu-
ration may be provided in order to overcome this disadvan-
tage. The glassy plate 110 may house through micro-pores
190 and micro-tubes 180 to dose the distribution liquid in the
reservoir drops. Besides, the liquid may be sucked from aspi-
ration ducts if one wishes the immediate interruption of the
distribution action. The actual level of technology will allow,
by means of computer and control electronics, the total imple-
mentation of this integrated configuration of the method
according to the invention for distributing and modelling a
liquid material.

Again, another form of realisation provides spreading the
liquid on LN and heating it thereon in order to realise the
distribution on the plate.

Further, a different form of realisation provides that the two
starting and destination surfaces are both pyroelectric sur-
faces, so as to create a reciprocal distribution of the liquid
between the two surfaces. This may be useful in mixing
processes.

Methods
Lithium Niobate Crystal

The z-cut LN crystals, commercially available, show uni-
form polarisation. The spontaneous polarisation of LN crys-
tals can be reversed by a polarisation process with electric
field (EFP) [25], thus allowing the fabrication of periodically
polarised LN crystals (PPLN). An external tension that goes
over the coercive field of the material (about 21 kW/1 mm)
has been necessary to invert the ferroelectric domains and the
inversion selectivity is usually assured by an appropriate
model of resist generated by photo-lithography. In the upper
image of FIG. 5(a), the image obtained at the optical micro-
scope of two PPLN samples produced by the same Inventors
by “Electric Field Poling” (EFP) is shown. The samples con-
sist in a square matrix of bulk reversed domains with a period
of about 200 micrometers along both the x and y directions.
The pyroelectric coefficient sign is reversed according to the
inverted ferroelectric domains [29].

Infrared Laser

In the experiments previously described, a CO, CW laser
having an emission power of 10 W at a wave length of A=10.6
micrometer has been utilized. The power modulation in the
range of 0-100% has been possible thanks to an external
tension of 0-5 V. The laser beam diameter has been of 4 mm.
The beam can be focused through suitable lens so as to obtain
the desired beam dimension in the diffraction range of about
half wave length (5 micrometer). The laser has been
assembled on a x-y translational stage. The sphere head was
about 25 cm apart from the LN sample.

Heated Tip Source

A simple tip has been utilized for heated welding/solder-
ing. The diameter was of 1 mm. The maximum operative
temperature was 250° C. The temperature has been measured
by a temperature probe (thermocouple) in order to have a
preliminary indication of the maximum temperature reached
on both LN crystal faces.

Liquid Film and Thank Drops Preparation

As lower glassy plate, a microscopy plate of 1 mm thick-
ness has been used. Different modalities have been utilized
for preparing liquid film and reservoir drops, as described in
the following:

1) almond oil as liquid film on glass: some microliter drops
have been spread on glassy substrate (experiments as shown
in FIGS. 1(e),2(a),3(c));

2) or alternatively almond oil as sessile drop on a clean plate:
in order to have a sessile drop with contact angle of about 40°
(experiments as shown in FIG. 4(a));
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3) almond oil as sessile drop on a PDMS covered plate: in
order to have a sessile drop with relatively high contact angle,
a glassy substrate has been covered with a PDMS (Sylgard)
layer spread with a covering at 5000 rpm for 60 s; the PDMS
link process has been obtained through a heated plate at
constant temperature of 100° C. for 10 min. Afterwards, one
or more drops of different volume (depending on the specific
experiments) have been spread on a surface. The typical con-
tactangle has been measured to be 30° (experiments as shown
in FIGS. 2(5),3(a),3().4(b));

4) PDMS on glass: few microliter drops of PDMS polymer
have been deposited and spun on glass at 1000 rpm for 5 s; this
preparation has been adopted in the experiments illustrated
respectively in FIGS. 5(a) and 1(¥).

Image Recording Apparatus

The measurement equipment is composed by a white lamp,
a neutral density filter and a lens of images formation for
visualising in a high rate CMOS camera the process of Taylor
cone deformation and the drops ejection. The CMOS camera,
capturing 125 frame each second at the 1280x1024 resolution
with pixel area of 12x12 micrometer, is utilized with two
different lens for comprehending the fundamental dynamic of
this process.

When the thermal stimulus is applied an infrared laser
source, the lens focus of image formation is 100 mm and the
magnification is M=1.4, while, by utilising a heated tip
source, in contact with the LN crystal, f=25.4 mm and M=2.2.

The method according to the present invention is applied in
many industrial, scientific and technological fields; the nano-
drops production is, in fact, of principal interest, for example,
in all the sectors that treat ink-jet printing, distribution or
deposition of organic, inorganic or biological inks, micro-
fluids, electrospray, drug delivery, and combinatory chemis-
try.

This method not only resolve some existing problems in
continuously developing fields, such as the ink-jet printing
one, but provides at the same time the possibility to explore
completely different sectors such as the biological ones. The
creation of protein microstructures is for example a field in
which, still today, a lot of difficulties are present due to the use
of highly sophisticated robotic equipments, these problems
can be overcome by utilising the described method that intro-
duces a new concept of deposition, eliminating completely
the contact with the sample.

Among the advantages of the invention method, with
respect to the other traditional deposition techniques, there is,
indeed, the possibility to deposit solution or liquid suspension
drops of micrometric dimension without contact with the
substrate. In this manner, it is possible to obtain, with a
micrometric resolution, surfaces having a defined geometry.

The particularity of the method, according to the invention,
is the great flexibility that characterises the configuration
lacking in electrodes in which the electric forces are gener-
ated by the heating induced by the utilized source directly on
the interested substrate. The lack of fixed electrodes, high
tension generators and complex circuits, allow to easily
modify the applied forces on the basis of the different require-
ments.
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Preferred forms of realization have been described in the
preceding and some variations at the present invention have
been suggested, but it is to be understood that those skilled in
the art will be able to make modifications and changes with-
out thereby falling out from the relevant scope of protection,
as defined by the attached claims.

What is claimed is:

1. A method for the controlled distribution of pico- or

nano-volumes of a liquid, comprising:

a first step of deposing the liquid as a film or multiple
separated sessile drops on a top surface of a starting
substrate;

a second step of providing a destination substrate having a
bottom surface spaced-apart from the starting substrate,
the bottom surface of the destination substrate facing the
top surface of the starting substrate; and

athird step of varying the temperature of a first pyroelectric
substrate, which is one of the starting substrate or the
destination substrate and has a surface, to induce a sur-
face charge density o, such that the liquid on the top
surface of the starting substrate, undergoing an electro-
dynamic force, creates dispensing cones having volume
V, wherefrom droplets detach and depose onto the bot-
tom surface of the destination substrate, wherein
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the bottom surface of the destination substrate is set at a
distance D from the top surface of the starting substrate,
and the distance D is larger than a critical distance given
by the following:

Dc=(1+0/4)13

wherein 0 is a contact angle of one of the dispensing cones,
and the contact angle is a starting angle of the one of the
dispensing cones as measured with respect to the start-
ing substrate, and V is the volume of the liquid of the one
of the dispensing cones.
2. The method according to claim 1, wherein the surface
charge density o is given by:

O0=PcAT

neglecting losses, wherein Pc is a pyroelectric coefficient
of'the first pyroelectric substrate and AT is atemperature
variation of said first pyroelectric substrate.

3. The method according to claim 1, wherein said first
pyroelectric substrate is Lithium Niobate z-cut or Lithium
Tantalate.

4. The method according to claim 1, wherein varying the
temperature is performed on specific regions on the surface of
the first pyroelectric substrate.

5. The method according to claim 4, wherein varying the
temperature is realized by heating and is performed with an
infrared Laser emitting a laser beam.

6. The method according to claim 4, wherein varying the
temperature is realized by heating and is performed by a
movable heated tip.

7. The method according to claim 1, wherein the first
pyroelectric substrate is a functionalized substrate having
periodic polarized structures, wherein in the first step of
deposing the liquid, the multiple separated sessile drops have
been deposed on the periodic polarized structures.

8. The method according to claim 4, wherein in the first
step of deposing the liquid, multiple separated sessile drops
are deposed on the top surface of the starting substrate, a
movable heat source is provided for heating and the movable
heat source is moved in such a way that either:

off-the-axis distribution angles of one of multiple sepa-

rated sessile drops become larger than a threshold value
a, that is a function of the liquid in the one separate
sessile drop, the starting substrate, and a charge distri-
bution on the first pyroelectric substrate, and the one
separated sessile drop moves; or

off-the-axis distribution angles of the one separated sessile

drop become smaller than said threshold value a, and the
one separated sessile drop does not move;

so that the one separated sessile drop creates a dispensing

cone having apex angle c.

9. The method according to claim 5, wherein in the first
step of deposing a liquid, the multiple separated sessile drops
or the film, are deposed on the top surface of the starting
substrate and the laser beam is separated in such a way that a
plurality of spatially separated beams incide simultaneously
on the first pyroelectric substrate, thus creating a simulta-
neous emission of liquid from the multiple separated sessile
drops or from different points of the film.

10. The method according to claim 1, wherein the first
pyroelectric substrate is the destination substrate.

11. The method according to claim 10, wherein the first
pyroelectric substrate is a micro-engineered LN sample hav-
ing a plurality of periodic polarized hexagonal dominia, and,
in the first step of deposing the liquid, a poly-dimethyl-silox-
ane (PDMYS) layer is first deposed on the starting substrate,
whereby a respective one of the sessile drop or multiple
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separated sessile drops is created at each of the plurality of
periodic polarized hexagonal dominia by heating of the first
pyroelectric substrate.

12. The method according to claim 1, wherein the liquid is
any liquid which reacts to an applied electrical field.

13. The method according to claim 1, wherein the first
pyroelectric substrate is the starting substrate.

14. The method according to claim 12, wherein the liquid
of'the film or the single sessile drop or the multiple separated
sessile drops is: almond oil or PDMS.

15. A device for controlled distribution of pico- or nano-
volumes of a liquid, comprising:

a liquid;

a first substrate called “starting substrate”, having a top

surface whereon the liquid is deposed;

a second substrate called “destination substrate” having a
bottom surface whereon the liquid is to be distributed,
and which is facing the top surface of the starting sub-
strate;

wherein at least one of said starting substrate and said
destination substrate is a pyroelectric substrate;

at least one heat source for heating said pyroelectric sub-
strate in order to induce a surface charge density o such
that the liquid on the top surface of the starting substrate,
undergoing an electro-dynamic force, creates dispens-
ing cones having volume V;

means for setting the bottom surface of the destination
substrate at a distance D, from the top surface of the a
starting substrate, wherein the distance D is larger than a
critical distance given by the following:

Dc=(1+0/4)13

and 0 is a contact angle of one of the dispensing cones, which
are created by the heating of the liquid, the liquid of the one of
the dispensing cones has a volume V and the contact angle is
a starting angle of the one of the dispensing cones as mea-
sured with respect to the starting substrate.
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16. A device according to claim 15, wherein the starting
substrate includes through micro-holes and micro-tubes
inserted into the micro-holes for dosing the liquid onto the top
surface as respective sessile drops.

17. The device according to claim 15, further comprising
electrically insulated spacers located to provide the distance,
D, between the bottom surface of the destination substrate
and the top surface of the starting surface.

18. A device for controlled distribution of pico- or nano-
volumes of a liquid, comprising:

a liquid;

a first substrate called “starting substrate”, having a top
surface whereon the liquid is deposed; a second sub-
strate called “destination substrate” having a bottom
surface, which is facing the top surface of the starting
substrate; wherein at least one of said starting substrate
and said destination substrate is a pyroelectric substrate;

at least one heat source for heating said pyroelectric sub-
strate in order to induce a surface charge density o such
that the liquid on the top surface of the starting substrate,
undergoing an electro-dynamic force, creates dispens-
ing cones having volume V;

a third dielectric substrate having a surface, the third sub-
strate being interposed parallel to said second substrate,
so as to intercept the liquid being distributed;

means for setting the a distance D, between the top surface
of the starting substrate and the surface of the third
dielectric substrate, wherein the distance D is larger than
a critical distance given by the following:

Dc=(1+6/4)VV3,

and 0 is a contact angle of one of the dispensing cones,
which are created by the heating of the liquid, the liquid
ofthe one of the dispensing cones has a volume V and the
contact angle is a starting angle of the one of the dis-
pensing cones as measured with respect to the starting
substrate.



